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ABSTRACT 
 
Listeria monocytogenes is a Gram-positive bacterium, ubiquitously distributed in 
the environment. It is the etiologic agent of listeriosis, a food-borne disease affecting 
human and a variety of vertebrates. L. monocytogenes can form biofilms which are 
multi-cellular layer of adherent bacteria surrounded by extracellular polysaccharide 
matrix. Biofilm bacteria are highly resistant to sanitizers and are thus difficult to 
eradicate, posing a big challenge to food processing industries and food service 
departments.  
The ability for a number of L. monocytogenes serotypes to form biofilms under 
different environmental conditions, such as temperatures, pH and liquid media (BHI, 
LB, HTM, 1:10 dilution of BHI), were tested. Different serotypes or strains require 
different conditions to form higher biofilms, although for most of the strains, biofilm 
formation is optimal in Hsiang-Ning Tsai (HTM) medium at 37°C. It was demonstrated 
that at a pH of 9 or 7.4, every strain (10403S, ∆flaA, MAC, LO28, ATCC19115, ScottA) 
formed more abundant biofilms compared to thst under a pH of 3 or 5. 
An analysis of the relationship between stress response and biofilm formation was 
revealed by testing several strains (∆sigB, ∆lmo0423, ∆htrA, ∆codY) with in-frame 
deletions in genes encoding proteins involved in stress response. It was found the 
biofilm formation of these mutants were the same as that of the L. monocytogenes wild 
type strain 10403S.  
The relation between the PrfA regulator and biofilm formation was examined by 
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testing three different prfA mutant strains: ∆prfA, the in-frame deletion strain; NF-L924 
and NF-L943, the hyper-PrfA activate strains. 
 The results obtained in our study provide a deeper understanding of how 
environmental factors affect biofilm formation by L. monocytogenes, and also shed 
light on possible strategies that could be applied to control product contamination by L. 
monocytogenes in food industries.  
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CHAPER ONE 
1Introduction 
I. Background  
Listeria monocytogenes is a Gram-positive, low G+C bacterium, ubiquitously distributed 
in the environment, such as food products, soil, water, etc (1). It is the etiologic agent of 
listeriosis, a food-borne disease affecting humans and a variety of vertebrates, especially in 
immune-compromised people, elderly people, pregnant women and newborns (2). The 
outbreaks of listeriosis are usually associated with consuming food contaminated with L. 
monocytogenes.  
It has been shown that L. monocytogenes can attach quickly to the surfaces of stainless 
steel and buna-n rubber (3), two types of material commonly used in food processing 
equipment, and subsequently forms biofilms. A biofilm is multi-cellular layer of adherent 
bacterial communities surrounded by an extracellular polysaccharide matrix. L. 
monocytogenes biofilms are extremely resistant to sanitizers, or other severe environmental 
conditions, such as high or low temperatures, extreme acid. Therefore, they are very difficult to 
eradicate, posing a big challenge to the food processing industry and the food service 
department (18).  
Gaining better understanding of how the environmental conditions such as temperatures 
and pH affect L. monocytogenes biofilm formation would likely provide information on 
effective measures to avoid biofilm formation and thus advance food safety. For instance, if 
under some conditions it is found that bacteria do not form high biofilms, these conditions can 
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be used by food industries to counter potential contamination with bacterial pathogens.  
Additionally, the roles of genes, such as flaA, motB, prfA, related to L. monocytogenes 
biofilm formation have not been well studied (26, 27, 28, 29, and 30). Besides these genes, it is 
questioned whether there are stress response genes that are involved in biofilm formation. Thus, 
some strains with in-frame deletions in genes involved in stress responses were selected, such 
as ∆sigB, ∆lmo0423, ∆htrA, ∆codY and were tested for biofilm formation. By understanding 
the relationship between stress response and biofilm formation in L. monocytogenes, we hoped 
to better understand pathways that could enhance the control of biofilm formation in food 
industries. 
Last but not the least, predictions about the relationship between biofilm formation and 
virulence expression have been demonstrated (29, 30), but the mechanisms are mainly 
unknown. Glucose has been reported to inhibit the virulence gene regulon prfA (57), while the 
presence of glucose-1-phosphate could activate it (55). These two substances are considered to 
use in future work to activate or inhibit the virulence gene expression of the prfA regulon in 
order to test whether the biofilm formation of different strains could be affected. 
II. L. monocytogenes and listeriosis  
L. monocytogenes had been isolated in humans as early as 1920s (4, 5), but it wasn’t until 
1940 that it was officially named L. monocytogenes. In 1979, it was recognized as an emerging 
food-borne pathogen, and since then, many outbreaks from world-wide locations have been 
reported. According to the Centers for Disease Control and Prevention (CDC), the infection 
rate of human listeriosis is estimated to be around 7 per million, resulting in 2500 cases and 500 
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deaths per year in the United States(6).  
Listeria is closely related to other bacteria, such as Bacillus, Clostridium, Enterococcus, 
and Streptococcus (2). Listeria is a ubiquitous bacterium that thrives in diverse environments 
such as soil, water, food products, effluents, plants and animals. In addition to Listeria 
monocytogenes, there are five other species in the genus Listeria; L. seeligeri, L. ivanovii, L. 
innocua, L. grayi and L. welshimeri (2). Among these six species, L. monocytogenes and L. 
ivanovii are pathogenic to humans.  
L. monocytogenes has 13 different serotypes, 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4b, 4c, 4ab, 
4d, 4e and 7 (10). Among the different serotypes, 1/2 strains such as 1/2a, 1/2b and 1/2c are 
mainly isolated from food isolates, while 4b strains are isolated from people who are infected 
with L. monocytogenes (7-9). This suggests that serotype 4b strains are more adaptive to 
mammalian hosts than 1/2 strains (2). There is not much information about the sources of 
serotypes 3a, 3b and 3c: a previous study indicated that serotypes 3a, 3b and 3c are rarely found 
in food (87); another study reported that serotype 3a has been isolated in dairy butter during an 
outbreak of disease in Finland (88). 
Subtyping methods have been developed which can better discriminate strains in order to 
study their differences, such as virulence and stress resistance. A variety of L. monocytogenes 
subtyping methods that have been designed to differentiate within the species are based on 
genetic or antigenic differences. Genetic methods includes: DNA fingerprinting, using either 
specific (83) or random PCR primers to subtype; ribotyping (84), a sensitive way to subtype 
which is based on rRNA gene restriction fragment polymorphisms; and DNA pulse-field gel 
electrophoresis. Another method is by agglutination and differentiates L. monocytogenes 
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serotypes based on somatic (O) and flagellar (H) antigens reactions with a series of antisera. 
For example, the strain name of the well-known food pathogen E. coli O157: H7 is based on 
somatic (O) and flagellar (H) antigens reactions. Unfortunately, this method is quite costly 
since high priced commercial antisera must be used for the serotyping. A more automated assay, 
enzyme-linked immunosorbent assay, uses less antisera and thus somewhat avoids the high 
cost of serotyping. This method can also determine if mixed serotypes are present, thus 
providing a great advantage.  
Outbreaks of listeriosis associated with food contaminations mainly affect 
immunocompromised people, pregnant women and newborns. During fetomaternal and 
neonatal listeriosis, L. monocytogenes has been known to invade the fetus via the placenta and 
develops as chorioamnionitis, which results in abortion, premature delivery, or stillbirth or 
even death to the newborn child (1). In adults, listeriosis manifests as gastroenteritis, 
meningitis, encephalitis and septicemia, and this has 20–30% or higher death rate (1, 11-12). 
HIV infection is also a significant predisposing factor for infection with listeriosis (2).  L. 
monocytogenes can enter and colonize in host tissue, by crossing the intestinal barrier, 
multiplying in the liver, colonizing the gravid uterus and the fetus, and invading of the brain 
(2). 
III.  Survival of L. monocytogenes  
L. monocytogenes survives under extreme conditions. It has the ability to grow in a wide 
range of temperatures, from -1.5°C to 45°C and to survive at much lower temperatures such as 
-18°C to -20°C (89). The fact that L. monocytogenes can survive and grow at refrigerator 
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temperatures leads to difficulties in the control of this food-borne pathogen. Besides the 
extreme temperatures, L. monocytogenes can also survive in low-pH environments by a 
number of stress adaptation mechanisms (14). For example, the organism can survive at a pH 
of 5.5 by inducing an acid tolerance response (15); the general transcription factor SigB plays a 
role in the acid resistant (16). In addition, L. monocytogenes can also tolerate high 
concentrations of salt (2).  
L. monocytogenes has the ability to form biofilms. Microorganisms exist in the 
environment in two ways, either as planktonic cells or as communities in biofilms. When 
formed in a biofilm, they are attached to the surface, enclosed as a matrix, and surrounded by 
extra polysaccharides (EPS) (18). There are five stages in the formation of biofilm. Firstly, the 
cells initiate the attachment to the surface, which is followed by production of EPS resulting in 
more firmly adhered “irreversible” attachment. Subsequently, the biofilm architecture is 
developed and the cells replicate inside this architecture. At the last step, the single cells from 
the biofilm are dispersed from the architecture, and are available to attach to another surface to 
re-initiate the biofilm formation again (17).   
 
Figure  1.1 Five steps of biofilm formation (17) 
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CHAPER TWO 
2Material and Methods 
I. Bacterial strains and cultural conditions  
Bacterial strains were streaked out freshly on BHI agar plates, and overnight inoculants 
were inoculated into BHI liquid medium. Biofilms were grown in HTM, LB or BHI liquid 
media without additional components, or with 0.5M NaCl, and in the presence of different pH 
or temperatures. Bacterial stains used in this study are listed in Table 2.1. Components of HTM 
are listed in Table 2.2  
Table 2.1  L. monocytogenes strains used in this study. 
Bacterial Strains Sero
type 
Relevant characteristics Source or 
reference 
CL-1 10403S 
CL-64 ∆flaA  
1/2a 
1/2a 
Wild type  
flaA in-frame deletion in 10403S background 
Martin SE (58) 
Wilson CB (61) 
CL-57 ∆prfA 1/2a prfA in-frame deletion in 10403S background Vázquez-Bolan
d JA (55) 
CL-22 NF-L924  1/2a E77K point mutation in PrfA, actA-gus 
transcriptional fusion 
Freitag N(59) 
CL-23 NF-L943 1/2a G155S point mutation in PrfA, actA-gus 
transcriptional fusion  
Freitag N(59) 
CL-24 ∆lmo0423 1/2a lmo0423 in frame deletion in 10403S 
background 
Lab stock  
CL-66 motB- 1/2a D23A point mutation in MotB in 10403S 
background 
Cossart P (60)  
CL-34 ∆htrA 1/2a htrA in frame deletion in 10403S background Bayles DO (91) 
CL-81 ∆sigB 1/2a sigB in frame deletion in 10403S background Boor KJ (62) 
CL-76 ∆codY 1/2a codY in frame deletion in 10403S background Lab stock  
CL2 MAC 1/2a Also called SLCC 5764 Martin SE (92) 
CL3 LO28 1/2c None Lab stock 
CL74 ScottA 4b None Lab stock 
ATCC 19115 4b None ATCC 
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Table 2.2  HTM medium composition (per 1L) 
Compound Concentration in:  
MOPS pH 7.4 
KH2PO4 
100mM 
4.82mM 
Na2HPO4 11.55mM 
MgSO4  1.7mM 
Glucose 55mM 
Thiamine 2.96uM 
Riboflavin 1.33uM 
Biotin 2.05uM 
Lipoic Acid 24pM 
Cysteine 0.1mg ml-1 
Methionine 0.1mg ml-1 
 
II. ∆codY construction  
The codY deletion mutant was generated previously by Dr. Min Cao. A set of primers 
(Table 2.3) were used to amplify upstream and downstream fragment of codY through PCR. 
Genomic DNA of L. monocytogenes 10403S was used as the template with High Fidelity Taq 
Polymerase kit (Roche, Switzerland) in a final volume of 50μl. Upstream and downstream 
fragments of codY, used as template for the Gene Splicing by Overlap Extension, were 
connected and amplified through PCR (93). The products were applied to 0.8% agarose gel to 
perform electrophoresis. After purification with QiaEXII (QIAGEN, Germany), this fragment 
and pMAD(80) plasmid were enzyme digested by EcoRI and BamHI and then ligated. 
pMAD-codY plasmid was transformed into 10403S competent cells at 1.8KV, 400Ω and 
25µFad. Transformants were selected at 30°C on BHI plates containing erythromycin (5µg/ml) 
and X-Gal (50µg/ml). The blue colonies were re-isolated and incubated in BHI liquid medium 
at 40°C. Serial dilutions were plated on BHI agar plates supplemented with erythromycin 
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(5µg/ml) and X-Gal (50 g/ml) and incubated at 40°C for 48h. The blue colonies were selected 
and cultured at 30°C for 6 h, 39°C for 3 h and dilutions were plated on BHI plates 
supplemented with X-Gal (50 g/ml). The white colonies were selected as template and PCR 
was performed to amplify the gene fragment using primers codY-up-f and codY-dw-r to test the 
successful deletion of codY.  
Table 2.3  Primers used to amplify upstream and downstream of codY 
Name            Oligonucleotide  
codY-up-f 5'-TTG GAT CCA GAG CTT CAA GGC CGT TT-3' 
codY-up-r 5'-CAT TCC TAG AGA GCG AGA ATC CGC CAT TTC TTT GAA GTT TAC-3' 
codY-dw-f 5'-GTA AAC TTC AAA GAA ATG GCG GAT TCT CGC TCT CTA GGA ATG-3' 
codY-dw-r 5'-TTG AAT TCT CCT GTA ATG GCT ACT TC-3 
III. Crystal Violet Assay 
L. monocytogenes strains were streaked out from stocks, and fresh colonies were 
inoculated overnight in 3ml BHI medium at 37°C with shaking. Optical densities (OD) of 
inoculants at 600nm were adjusted to 0.03 in HTM or other media used for testing biofilm 
formation. One milliliter of diluted bacterial cultures was added into BD Falcon 5ml 
polystyrene round-bottom tubes for biofilm assay. Biofilm cultures were incubated statically at 
25°C, 30°C, or 37°C for 24h, 48h and 72h.  
To obtain the quantitative results of the biofilm formation, the supernatant of bacterial 
cultures were discarded from each tube and the tube was washed three times with 5ml of 
double-distilled water (ddH2O). One thousand and fifty micro-litters of 1% crystal violet were 
added to each tube to stain the cells for 1h. The tubes were washed with 5ml ddH2O three times 
to remove crystal violet that had not stained the biofilm. Finally, 1ml of a mixture of 80% 
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ethanol and 20% acetone was added to each tube for 1h to solubilize the crystal violet that had 
stained the biofilm into the solution. The quantity of biofilm formation was indicated by optical 
density of the purple solutions at 600nm by spectrophotometer (Bio Rad- SmartSpec Plus). 
To compensate growth defects of the ∆htrA and ∆sigB mutants under stresses, 
modifications of the crystal violet assay were required to analyze the biofilm formation of these 
mutants under different stresses. Strains were streaked out on BHI agar from -80°C stocks. 
Fresh colonies were inoculated into 200ml of BHI medium and incubated overnight at 37°C 
with shaking. Following measuring cell density of each culture, different amounts of bacterial 
cultures were harvested for each strain for letting them had the same numbers of cells. Cell 
pellets were acquired by centrifugation, washed with HTM medium once, resuspended in same 
volume of HTM medium to reach the OD600 of 2.0. Biofilm assays were performed and the 
OD600 readings indicating the biofilm formations were obtained as described above at 6h, 12h 
and 24h at 37°C.  
IV. Western Blot Analysis of ActA expression 
L. monocytogenes strains 10403S, ΔprfA, NF-L924 and NF-L943 were streaked onto BHI 
agar plates and incubated overnight at 37°C. In each test group, single colonies of each strain 
were inoculated in 2ml BHI incubated overnight at 37°C, diluted in 50ml HTM medium to 
reach the OD 0.03, and then incubated at 37°C for 24 hours. In each control group, single 
colonies of each strain were inoculated in 2ml BHI with 0.1% activated charcoal (to activate 
prfA regulon) and incubated overnight at 37°C. The cell density of each culture was measured 
when harvesting different volume of each culture for letting them have same cell count. 
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        Eight cultures were centrifuged and cell pellets were resuspended in the 100μl sample 
buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 1% β-mercaptoethanol, 12.5 mM 
EDTA). The whole proteins were collected by heating the samples for 5 minutes in boiling 
water bath. Whole protein concentration of each sample was tested by performing CB-X
TM
 
Protein Assay (GBiosciences). Standard protein samples were tested to acquire the standard 
line of OD595 vs. Protein concentrations and concentration of each protein samples was 
calculated accordingly.  
        Each protein samples, 5xSDS loading buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 10% 
glycerol, 1% β-mercaptoethanol, 12.5 mM EDTA ,0.02 % bromophenol blue) and ddH2O were 
mixed to reach the final volume of 40μl containing the same amount of protein. Each mixture 
was heated for 5 minutes in boiling water bath and homogenized by syringe with a fine needle. 
These samples were centrifuged at max speed for 5 minutes at RT and supernatants were 
collected to load onto the 8% SDS-page gel. 80V was used to run the samples through the 
stacking gel and changed to 120V once the samples reached the separation gel. Proteins were 
transferred onto the PROTRAN BA 85 Nitrocellulose (Whatman D 116774) by the 
TRANS-BLOT SD Semi-dry Transfer Cell (BIO-RAD) and the membrane was later blocked 
in a 5% non-fat milk-TBST (10mM Tris-HCl, 0.15 M NaCl, 0.05% Tween 20, pH8.0) solution 
overnight. The primary rabbit antibody anti-actA (a gift from Dr. Helene Marquis, Cornell 
University) was diluted 1/40000 in 5% non-fat milk-TBST solution and the membrane was 
incubated in the solution for 2h with shaking. Four washes were performed for 5 minutes each, 
followed by the addition of the goat-anti-rabbit antibody, and incubated for another 2h with 
shaking. The membrane was then washed four times for 5 minutes per wash using the TBST 
  
11 
 
solution, and reactive antigens were detected using the Pierce ECL Western Blotting kit. (CAT# 
HK107330)  
V. Glucuronidase (GUS) activity assay 
        GUS activity assays were performed on L. monocytogenes strains 10403S, ∆prfA, 
NF-L924 and NF-L943. Strains were streaked freshly onto BHI plates, and incubated 
overnight at 37°C. Individual colonies were inoculated into 2ml BHI broth and incubated 
overnight at 37°C. Each inoculant was diluted in HTM medium to reach OD600 0.03 and was 
then incubated for an additional 24h at 37°C. The cell density of each culture was measured 
when harvested and the volume of each culture was collected for letting each culture has the 
same cell numbers. The pellet for each strain was attained by centrifugation and was 
resuspended in 1ml Z buffer (16g Na2HPO4-7H2O, 5.5g NaH2PO4-H2O, 0.75g KCl, 246mg 
MgSO4-7H2O, 2.7ml 2-Mercaptoethonal/L) and lysozyme. After incubation at 37°C for 1h, 
10μl of 20mg/ml D-glucoronide was added to test if the color is changed or not.  
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CHAPER THREE 
3Environmental conditions and L. monocytogenes biofilm formation 
I. Background 
Biofilm bacteria are extremely resistant to severe environmental conditions, such as high 
or low temperatures (21), therefore they are very difficult to eradicate. This poses a big 
challenge to the food processing industry and the food service department. Wiedmann et al. 
separated L. monocytogenes into three individual lineages based on ribotype patterns and 
virulence gene alleles (64). Lineage I contains serotype 1/2b, 3b, 3c, and 4b; lineage II contains 
serotype 1/2a, 1/2c and 3a; and lineage III contains serotype 4a and 4c (10). Isolates of L. 
monocytogenes from food are usually serotype 1/2, while serotype 4b strains are mainly 
isolated from people infected with L. monocytogenes (63). The fact that the strains that 
contaminate food are not the same serotype as strains that are isolated from infected people is 
of great concern. The aim of this work is to develop a better understanding of the differences in 
biofilm formation in the different serotypes. According to our lab stock availability, we have 
included strains belonging to the following serotypes: 1/2a, 4b, and 1/2c.  L. monocytogenes 
10403S and MAC strains belong to serotype 1/2a. L. monocytogenes ScottA and ATCC19115 
belong to serotype 4b. ScottA was isolated from a patient during an outbreak of listeriosis in 
Massachusetts in 1983 (20). L. monocytogenes LO28 strain belongs to serotype 1/2c, and was 
recovered from the feces of a pregnant woman (22). Although several studies have been carried 
out to study the biofilm formation among different serotypes, some conflicting results have 
been obtained. McLandsborough et al. have shown biofilm production of lineage I strains were 
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significantly greater than those observed for lineage II and lineage III strains in Modified 
Welshimer's Broth (MWB) medium (65). In contrast, Call et al.’s results demonstrate that 
increased biofilm formation is observed in lineage II strains (serotypes 1/2a and 1/2c) using 
MWB medium (66). Similar results were also shown from Pan et al. that serotype 1/2a strains 
(lineage II) generally formed more abundant biofilms than serotype 4b strains (lineage I) in 
tryptic soy broth supplemented with 0.6% yeast extract (TSBYE) under a variety of conditions 
such as including NaCl, glucose or ethanol (25). However, the 4b strains had higher maximum 
planktonic growth as compared to the 1/2a strains (25). 
It has been reported that L. monocytogenes can grow in temperature as low as -1.5°C and 
as high as 50°C (21, 89). A better understanding of how the environmental conditions such as 
temperature affects biofilm formation in L. monocytogenes will provide information on how to 
advance food safety. Moreover, since strains may have different temperatures preferences to 
form biofilms, we can investigate the biofilm formation under different environmental 
conditions and information gained on conditions that may inhibit biofilm formation could be 
used to control the production of biofilms in food industries.  
The reason bacteria have increased flagellum production during growth at low 
temperatures remains unclear. Korkeala et al. reported that the expression levels of two L. 
monocytogenes flagella motility genes, flhA and motA, are higher at lower temperatures, and 
flagella motility was proposed for optimal cold stress response in the EGD-e strain (24). Low 
temperatures may also enhance bacteria attachment due to increased flagellum production. 
Meanwhile, L. monocytogenes virulence genes have been found to be expressed at higher 
temperatures such as 37°C (48). However, food industries use lower temperatures than 30°C or 
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37°C during the food processing, so we included the lower temperature of 25°C in this study. A 
previous study using TSBYE media to grow 36 different isolated L. monocytogenes strains 
reported that incubation at 37°C resulted in the formation of more biofilm as compared to 30°C 
and 22.5°C (25). Hebraud et al. found that after 5 days at 37°C, 20°C or 8°C in MCDB 202 
medium, the biofilm structure of L. monocytogenes LO28 was composed of aggregates with a 
3-dimensional shape at the two higher temperatures while only a single layer at 8°C (67).  
There are several reasons why we included different kinds of media to test the biofilm 
formation. First, we wanted to test different biofilm formation in BHI, LB and HTM. Second, a 
study reported by Hill et al. demonstrated that growth of L. monocytogenes EGD-e in 1:10 
dilution of BHI resulted in the formation of hyper biofilms; therefore we also included this 
medium (23). Previous reports indicated that biofilm formation of avian pathogenic 
Escherichia coli (APEC) is induced by nutrient deplete conditions, while APEC can form good 
biofilms in both rich and depleted media (68). Svabić-Vlahović et al. has reported that when 
using different media to grow L. monocytogenes biofilms, the most biofilms were produced in 
rich media BHI, followed by TSB, then meat broth, and the worst biofilm in 1:20 dilution of 
TSB (69). 
L. monocytogenes can survive in extreme pHs, from 4.3 to 9 (21), and Byrne et al. 
reported that the organism can survive at a pH of 3 for 90 minutes (81). During food production, 
the pH of the food can be adjusted to a pH known to inhibit the formation of bacterial biofilms. 
In order to test how different pHs might affect biofilm formation of different L. monocytogenes 
serotypes, we tested L. monocytogenes 10403S, MAC, LO28, ScottA, ATCC 19115 using 
HTM medium under pH=3, pH=5, pH=7.4, and pH=9. We selected the pH to test its effect on 
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biofilm formation according to the survival range of L. monocytogenes, which has been 
reported to be between a pH of 4.3 to a pH of 9 (21). Also, Borges et al. reported that when L. 
monocytogenes formed biofilms in simulated vaginal fluid at different pH values (4.2, 5.5 and 
6.5), the biofilm formation was inhibited by the normal vaginal pH (3.8 to 4.5) (70). Because 
our preliminary results showed that most of the L. monocytogenes strains in our hands formed 
more biofilm when incubated at 37°C in HTM medium, we used these conditions to test the pH 
effects.  
flaA encodes the flagellin protein of L. monocytogenes, which is the main structural 
protein in flagella. Flagella are tail like structures protruding from the cell body that are used by 
the bacteria to move around. L.monocytogenes is highly flagellated and motile at 30°C and 
below, but is not motile at 37°C or above. This is due to MogR, an inhibitor of flagella 
formation. At 37°C or above, MogR represses the expression of flagella genes, while at 30°C 
or under, MogR is inhibited by its anti-repressor GmaR, and thus flagella are produced (26). 
motAB encodes part of the flagella motor, thus motAB deletion strain contains intact but 
non-functional flagella. Young et al. has reported that biofilm development involves 
flagellum-based motility since under static condition at 30°C using MWB media, flagella 
motility mutants, such as ∆cheA, ∆fliF, ∆fliI, ∆motA showed defects in biofilm production (27). 
Meanwhile, non-motile flagella mutants decrease initial bacterial surface attachment but 
subsequently lead to the formation of hyper-biofilms, in flow cells containing MWB, LB or 
BHI (27). According to Lemon et al., using HTM with 3% glucose at 30°C, both 
flagellum-minus and paralyzed-flagellum mutants showed defects in biofilm formation as 
compared to wild type. Since supplying surface-directed motility restored wild-type levels of 
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attachment to non-motile mutants, it has been suggested flagellum-mediated motility is critical 
for both initial surface attachment and subsequent biofilm formation (28). 
II. Results 
A. Biofilm formation under different media,  
temperatures by different L. monocytogenes serotypes 
Crystal violet assays have been used to test L. monocytogenes 10403S (1/2a), ∆flaA 
(10403S background 1/2a), MAC (1/2a), LO28 (1/2c), ScottA (4b), ATCC 19115 (4b) biofilm 
formation under 25°C, 30°C, 37°C using HTM, 10%BHI, BHI, LB media which result is 
showed in Figure 3-1 and Table 3-1.  
∆flaA and motB- were reported to be defective in biofilm formation according to Gorski et 
al. (26) and Lemon et al. (28). According to our result (Figure 3-1), ∆flaA strain showed a 
4-fold reduction in biofilm formation as compared to wild type L. monocytogenes 10403S at 
24h, 48h and 72h. Strain 10403S was then selected as the positive control and ∆flaA as the 
negative control. We also tested motB- and it showed the same low level of biofilm formation 
as the ∆flaA strain (data not shown).  
In details, L. monocytogenes 10403S (1/2a) forms the biggest amount of biofilm (OD600 > 
1.0) when incubated in HTM at 37°C. However, when growing these same strains in 10% BHI 
or LB at the same temperature, less biofilm was produced (OD600< 0.5). At other temperatures, 
and comparing each medium separately, L. monocytogenes 10403S formed less biofilm at 
30°C, and, formed the least amount of biofilm at 25°C. L. monocytogenes MAC (1/2a) formed 
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similar amounts of biofilm as compared to 10403S when using HTM at 37°C (OD600>1.0). 
However, MAC formed more biofilm as compared with 10403S when grown in BHI medium 
at 25°C, 30°C and 37°C (OD600~1.0).  
L. monocytogenes LO28 was the only 1/2c serotype strain that we tested. Biofilm 
formation was much lower than the positive control 10403S under all conditions tested except 
when grown in HTM at 25°C (OD600>0.5).   
For the two 4b strains that were included, L. monocytogenes ScottA biofilm formation was 
the highest of all the strains that were tested. The OD600 readings were greater than 1.0 in each 
condition that was tested. Some extreme readings included: At 37°C, in BHI medium, the 
OD600 was approximately 2.0. In LB medium, the OD600 was approximately 1.5. At 30°C, in 
LB medium, the OD600 was approximately 3. Using BHI medium, the OD600 was 
approximately 2.5. This strain formed the most abundant biofilm at 25°C with a reading of 3.0 
in both HTM and LB. Another 4b strain L. monocytogenes ATCC 19115 formed the least 
amount of biofilms as compared to 10403S and ScottA. However, when using LB as the 
medium, 19115 was able to form better biofilms compared with other media.  
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Figure 3.1 Biofilm formation of L. monocytogenes 10403S, ∆flaA, MAC, LO28, ScottA, 
19115 under different temperatures (25°C , 30°C , 37°C ) using different media (HTM, 
10%BHI, BHI, LB). The results are based on the averages from three individual biofilm 
assays. 
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Figure 3-1 Continued. 
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Table 3.1  48h Biofilm formation (Absorbance OD600) of L. monocytogenes 10403S, ∆flaA, 
MAC, LO28, ScottA, 19115 under different temperatures (25°C , 30°C , 37°C ) in  
different media (HTM, 10%BHI, BHI, LB). 
The results are based on the averages from three individual biofilm assays. 
Strains 10403S ∆flaA MAC LO28 ScottA 19115 
Serotype 1/2a 1/2a 1/2a 1/2c 4b 4b 
HTM 25°C 0.200  0.105  0.172  0.480  3.238  0.172  
30°C 0.522  0.185  0.264  0.351  1.509  0.155  
37°C 1.109  0.199  0.936  0.186  1.186  0.249  
10%BHI 25°C 0.144  0.137  0.237  0.200  1.475  0.163  
30°C 0.220  0.165  0.212  0.226  1.202  0.139  
37°C 0.160  0.176  0.290  0.329  0.831  0.204  
BHI 25°C 0.109  0.137  0.642  0.119  2.113  0.130  
30°C 0.124  0.148  0.942  0.152  2.478  0.129  
37°C 0.409  0.369  1.181  0.345  2.201  0.267  
LB 25°C 0.086  0.106  0.164  0.154  3.037  0.284  
30°C 0.103  0.124  0.425  0.271  3.085  0.514  
37°C 0.228  0.184  0.250  0.160  1.412  0.260  
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B. Identification of pH effect on biofilm formation 
of different L. monocytogenes serotypes  
 
Figure 3-2 shows that, OD600 reading of 10403S incubated in HTM at 37°C with pH 
adjusted to 7.4 and 9, OD600 can reach 2.0 and 1.5 respectively. However, when the pH is 
adjusted to 3 or 5, biofilm formations were greatly reduced to 0.2, probably due to the growth 
of bacteria was strongly inhibited. The OD600 of MAC, LO28 and ATCC 19115 at 37°C 
incubated in HTM adjusted to pH 3, 5, 7.4, or 9 were lower than that of 10403S even though the 
amount of growth was approximately the same as 10403S. All the strains except ScottA 
showed the same pattern- at a pH of 9, the strains formed more biofilms at pHs of 7, 5 and 3. 
The results with ScottA were slightly different since its biofilm formation was better at pH=7.4 
as compared to pH=9.  
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Figure 3.2  Biofilm formation of L. monocytogenes 10403S, ∆flaA, MAC, LO28, ScottA, 
ATCC19115 under different pH=3, 5, 7.4, 9 using HTM medium at 37°C. The results are 
based on the averages from three individual biofilm assays. 
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III. Discussion 
Previous studies have shown inconsistent results about the biofilm formation of L. 
monocytogenes ∆flaA strain. Both Kolter et al. and Flaherty et al. have shown that without 
flagella or flagella motility, biofilm formation was significant reduced (26, 28). However, 
Young et al. have shown that although loss of flagella-based motility decreases initial bacterial 
surface attachment, but can subsequently result in the formation of hyper-biofilms (27). Based 
on these results, we wanted to test what would occur under our lab conditions. It has been 
shown in our system that ∆flaA strain shows significantly lower biofilm formation as compared 
to the wild type strain 10403S in HTM, BHI, LB and 10% BHI, along with no detectable 
hyper-biofilm formation. Interestingly, the biofilm formation is slightly better at 24h using BHI 
medium. Our results about the biofilm defect of motB- mutants agree with those in the Kolter et 
al. and Flaherty et al. papers, suggesting that the motility of the flagella affects the biofilm 
formation in L. monocytogenes (26, 28).  
Although different serotypes or strains prefer different temperatures and media when 
forming biofilms, we could still conclude that most L. monocytogenes strains formed more 
biofilm at 37°C in HTM medium as compared to other temperatures or media. For instance,  
L.monocytogenes 10403S (serotype 1/2a), which was the positive control in our experiments, 
showed significantly higher biofilm formation under 37°C as compared to 30°C and 25°C. 
Interestingly, this strain formed more biofilm when incubated in the minimal medium HTM as 
compared to the rich media BHI, LB or even 1:10 diluted BHI. Compared to previous results 
reported by Riedel et al. that biofilm formation was significantly increased when the EGD-e 
strain was grown in 1:10 diluted BHI, we did not observe an increase in biofilm production in 
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1:10 diluted BHI (23). Despite this, our experiment does show some consistency with Pan et al. 
These authors reported that 36 L.monocytogenes isolates form more abundant biofilm at 37°C 
than at either 30°C or 22.5°C in TSB medium (25). However, their conclusion that serotype 
1/2a had higher biofilm formation than the 4b strain in most conditions tested was due to better 
EPS formation but not higher cell density is different from the results we obtained (25). One of 
our 4b strains, ScottA, formed a larger amount of biofilm than 1/2a strain 10403S or MAC, but 
the other 4b strain, ATCC 19115, formed a much smaller amount of biofilm than 1/2a strain 
10403S or MAC. ScottA showed the same level of growth as compared to other strains. 
The temperature’s effect on the L. monocytogenes MAC strain is the same as the effect on 
other strains in that they formed more biofilm when incubated at 37°C in HTM medium. 
However, when using BHI to grow the MAC biofilm, the data shows significantly higher 
biofilm formation as compared to other strains, such as 10403S and LO28, excluding ScottA. 
LO28 and ATCC 19115 strain show far lower biofilm formation as compared to the positive 
control 10403S in HTM medium, while ScottA showed the best biofilm formation in all the 
mediums tested. ScottA exhibited higher virulence while LO28 exhibited slightly attenuated 
virulence (20).  
We studied biofilm formation in strains 10403S, MAC, LO28, ScottA and ATCC19115 in 
HTM medium at pHs of 3, 5, 7.4, and 9 at 24h, 48h and 72h. Since pH cannot be adjusted to 11 
without the MgSO4 in the HTM crystallizing, we were not able to test at a pH higher than 9. 
All the strains that were tested form larger amounts of biofilm at pH of 9 as compared to pH 
7.4, which is the normal pH of HTM medium. In an acidic environment, such as a pH of 3 and 
a pH of 5, all the strains produced less biofilm than at higher pH levels. And at a pH of 5, the 
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strains formed more biofilm as compared to a pH of 3 environment. This is consistent with 
previous reported results (70). These results are probably due to the bacteria’s inability to 
grow well at the low pH of 3 or 5. Our conclusion is L. monocytogenes prefers to grow and 
form biofilms in a basic environment.  
The LB we used was the Difco LB made by Miller LLC, which had a sodium chloride 
concentration of 1g/L (17.09mM) in the final liquid media. The BHI we used was the Bacto 
Brain Heart Infusion, which had sodium chloride concentration of 0.5g/L (8.55mM) in final 
liquid media. In HTM media, the salts used in the media were: MOPS (100mM), KH2PO4 
(4.82mM), Na2HPO4 (11.55mM), and MgSO4 (1.7mM). Pan et al. reported that enhanced 
biofilm formation in isolated 1/2a and 4b strains could be observed at certain increased levels 
of NaCl (0.5% to2.0%, wt/vol) using TSBYE (25).  
In conclusion, different serotypes had their different preferred environmental conditions 
to form biofilms. Some strains (10403S, MAC) preferred higher temperatures to form more 
abundant biofilms, while some (LO28) preferred lower temperatures to form more biofilms. 
Most strains preferred minimal medium HTM to form biofilms (10403S, LO28). One 4b 
strain ScottA formed hyper-biofilms, while the other 4b strain ATCC 19115 formed much 
lower biofilm.  
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CHAPER FOUR 
4Stress response and L. monocytogenes biofilm formation  
I. Background 
L. monocytogenes responds rapidly as a result of different environmental stresses since 
they have several mechanisms that contribute to its survival in the presence of these stresses. 
With the consumption of contaminated food, L. monocytogenes can survive in the gastric 
passage, intestinal tract, and invade through epithelial cells (71). During the cellular infection 
stages, the organism invades into the host cell, escapes from the vacuole, replicates in the 
cytosol and spreads into the neighbor cells (2). L. monocytogenes can reproduce to high 
numbers in different natural environments and can grow and form biofilm in a wide range of 
environmental conditions (72). Biofilm formation is a strategy to overcome stresses such as 
antibiotic presence or nutrient limitations. We propose there might be a relationship between 
biofilm formation and responding to or coping with stress responses. 
In L. monocytogenes, there are several genes that arouse our great interests to study their 
relation to biofilm formations, such as sigB, lmo0423, codY, htrA. 
A. Sigma factors—SigB and Lmo0423 
Sigma factors, which are dissociable subunits of RNA polymerase, control the production 
of optimal proteins required under specific conditions. SigB factor regulate the stress responses 
of several Gram-positive bacteria, such as B. subtilis, B. cereus, L. monocytogenes and S. 
aureus (31). Upon the stresses, SigB can be activated and turn on a series of stress responses to 
transcribe SigB downstream genes (31). SigB factor is involved in coping with several stress 
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responses including heat, acidic pH, high osmolarity, high ethanol concentration, antibiotic 
resistance and pathogenesis (31, 90). Schwab et al found that ∆sigB and wild type 10403S 
strains were capable of rapid attachment since attached ∆sigB and wild type cells on stainless 
steel were similar at 5min or at 24h at 24°C. However, the level of attached ∆sigB cells was 
significantly lower than wild-type 10403S strain after 48 and 72 h incubation at 24°C (32). Van 
der veen et al. found that SigB is required to obtain wild-type levels of both static and 
continuous-flow biofilms by L. monocytogenes EGD-e in BHI media (33).  
B. subtilis encodes seven extracytoplasmic function (ECF) sigma factors, in which sigma 
M, sigma W and sigma X mediate the responses to cell envelope-active antibiotics (45). Luo et 
al. found when all seven ECF sigma factor genes were deleted, over 80 genes were affected 
which including eps operons. eps operons encodes the enzyme for EPS, so that the biofilm was 
also negatively affected in this seven gene deletion mutant (46). L.monocytogenes that belongs 
to lineage II all carry a specific genome segment encoding the SigC, which is encoded by 
lmo0423 (47). Since the sigma factors in B. subtilis affect the biofilm formation, we wanted to 
know if it also affects biofilm formation in L.monocytogenes.  
B. CodY 
Homologs of CodY can be found encoded of nearly all low-G+C Gram-positive bacteria. 
CodY is a GTP and branched-chain amino acid (BCAA) sensing protein, which has been best 
studied in B. subtilis. CodY controls many genes that can be induced when B.subtilis transits 
from the exponential growth to stationary phase or sporulation. During stationary phase, the 
GTP and BCAAs levels are decreased resulting in the loss of repressing activity in CodY and 
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the transcription of its target genes (34). Hsueh et al. found that the disruption in codY gene 
caused the fourfold biofilm defect in B. subtilis (35). In Staphylococcus aureus, CodY 
represses the synthesis of a number of virulence factors which negatively regulates virulence 
gene expressions (35). In L. monocytogenes, CodY controls genes related to amino acid 
biosynthesis, carbohydrate metabolism, and motility. CodY is itself depressed by the stringent 
response activator (36).  However, no published results have shown its relation to biofilm 
formation in L. monocytogenes. 
C. HtrA 
HtrA, a heat-shock protein, was first studied in E.coli, and expression of HtrA is very 
important for bacteria growing at high temperatures (39). Moreover, htrA is also essential for 
the pathogenecity of several pathogenic bacteria, such as Streptococcus pneumonia (42), 
Salmonella enterica (40), Streptococcus pyogenes(41), and others (43). Bayles et al. reported 
that L. monocytogenes 10403S background htrA deletion strain is more sensitive at high 
temperatures such as 44°C and does not survive well during heat shock (37). Additionally, htrA 
is also involved in the stress response and is necessary for the survival of L. monocytogenes 
10403S in the presence of high temperatures, high NaCl concentrations, and oxidative damage 
(44).  
There are some evidences suggesting the role for HtrA in biofilm formation: Wilson et al. 
reported that L. monocytogenes HtrA is essential for growth in biofilms at high temperature 
such as 40°C and is also essential for bacterial virulence (38). Burne et al. reported disruption 
of htrA in S. mutans resulted in delayed growth at 37°C, reduced thermal tolerance at 42°C, and 
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altered biofilm formation on polystyrene surfaces in the semi-defined BM medium, 
supplemented with 20 mM glucose or sucrose (73). Surface proteins are related to biofilm 
formation and HtrA has shown to be necessary for the surface expression and protein secretions 
for S.aureus, L. lactis and S. mutans (74, 75, and 76). Biswas et al. reported that inactivation of 
S. mutans htrA resulted in biofilms defect with a much more granular patchy appearance, rather 
than the smooth confluent layer that usually seen with wild-type cells (77).  
II. Results 
In order to test biofilm formation in the different L. monocytogenes stress response 
mutants, the crystal violet assays were used to test biofilm formations of L. monocytogenes 
∆lmo0423 ∆htrA, ∆sigB, ∆codY incubated in HTM medium at 37°C. Figure 4-1 shows that 
L.monocytogenes strains ∆lmo0423, ∆htrA, ∆sigB and ∆codY formed similar biofilm as 
compared to the positive control 10403S, with OD600 readings of approximately 2.0.  
Although the biofilm formations in L. monocytogenes stress response mutants were 
similar to the wild type strain 10403S under normal conditions, we wanted to see if these 
mutants would show a different biofilm formation under stress. We tested L. monocytogenes 
∆htrA under heat shock stress, and ∆sigB under acidic pH and 0.5M NaCl stresses. Under 
acidic stress (pH 3 or 5) biofilm formation of ∆sigB strain was similar to that of wild-type 
10403S. However, ∆sigB strain formed less biofilm (40% decrease) under high osmolarity 
stress (0.5M NaCl) as compared to wild-type 10403S. Under heat shock stress at 40°C, L. 
monocytogenes ∆htrA was showing a nearly 2 fold defect in biofilm production at 24h. To 
compensate for slow growth of these strains, the biofilm assay was carried out slightly 
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differently from other biofilm assays as described in the Materials and Methods section. The 
starting OD600 for biofilm formation is 2.0.  
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Figure 4.1  Biofilm formation of L. monocytogenes different mutants (∆lmo0423, ∆htrA, 
∆sigB, ∆codY) using HTM medium. The results are based on the averages from three 
individual biofilm assays. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
0
0.5
1
1.5
2
2.5
3
3.5
10403s ∆flaA ∆lmo0423 ∆htrA ∆sigB ∆codY
HTM 37°C
24h
48h
72h
  
32 
 
 
 
 
Figure 4.2  Biofilm formation of L. monocytogenes different mutants (10403S, ∆sigB and 
∆htrA) using HTM medium under different stresses. The results are based on the 
averages from three individual biofilm assays. 
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III. Discussion 
Among the different L.monocytogenes mutants, namely ∆sigB, ∆lmo0423, ∆htrA, and  
∆codY, the biofilm formations were found to be similar to the wild type 10403S strains under 
non-stress conditions. Although Van der veen et al reported that SigB is required to obtain L. 
monocytogenes EGD-e wild-type levels of both static and continuous-flow biofilms with BHI 
media (33), different result was observed with HTM media. No significant defects in biofilm 
formation of L. monocytogenes mutant ∆htrA has been observed using HTM media, although 
defects have been seen in other species, such as S. mutans (73, 77). The same media and 
temperatures in Wilson’s experiment were not applied to the experiments, thus the non-defect 
biofilm formation was probably due to 37°C being not high enough to cause stresses (38).  
In this way, we also included the stresses to test the deletion mutant biofilm formation. We 
found. Biofilm formations of ∆sigB were the same compared to 10403S under acidic stress (pH 
3 or 5) but showed less abundant biofilm under high osmolarity stress (0.5M NaCl). Biofilm 
formations of ∆htrA were affected compared to 10403S under heat shock stress at 40°C, which 
provided evidence under our lab conditions that htrA is related to heat shock stress response.  
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CHAPER FIVE 
5Defining L. monocytogenes global virulence regulator 
PrfA and its role in biofilm formation 
I. Background 
PrfA has been studied extensively for its role in regulating virulence genes expression in L. 
monocytogenes. Expression of prfA is regulated at both the transcriptional and the 
post-transcriptional and post-translational level (49). PrfA regulation is temperature dependent. 
When temperature is low (i.e. less than 30°C), there is a secondary structure located on the 
ribosome binding site that prevents the translation of the prfA transcript. However, high 
temperatures, such as 37°C, melt the secondary structure so that translation can start efficiently, 
with significantly increases in PrfA level. When PrfA is being produced, it becomes linked to a 
proposed cofactor, which will then help locate PrfA to its binding site. This binding site is a 
14-bp “box’’ with the consensus sequence TTAACANNTGTTAA (78, 79), and the synthesis of 
more PrfA will happen efficiently via a positive auto-regulatory loop (48).  
Previous results have shown that PrfA also has specific role in regulating biofilm 
formation of L.monocytogenes. Zhou et al. has found that under the background EGD or EGDe 
strains, the prfA deletion strains showed 20% decreased biofilm formation in BHI medium. 
However, biofilm production can be complemented by introduction of the pERL3-prfA* 
plasmid, which gives EGDe∆prfA a constitutively active PrfA (29). Other similar results have 
been obtained by Lemon et al., who reported L. monocytogenes ∆prfA mutant under 10403S 
background produced one third biofilm each day for 4 days at room temperature, 30°C and 
36°C. This was compared to wild-type strain 10403S using HTM with 3% glucose plus 
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essential amino acids as the medium. (30). Despite intensive research, it is still not clear how 
PrfA affects L. monocytogenes biofilm formation. If expression of the PrfA is changed, will 
biofilm formation also be changed? Is there any link between bacterial virulence and biofilm 
formation?  
Cultural conditions can also influence the activity of PrfA. For example, L. 
monocytogenes can use a variety of carbohydrates as carbon sources for biofilm, but they 
prefer to use glucose and phosphotransferase system (PTS)-sugars such as fructose, mannose, 
and cellobiose when being grown in minimal media. Bacteria use PTS sugars to ultimately 
convert them to glucose-6-phosphate in pathway. Besides the PTS sugars, L. monocytogenes 
can also use some non-PTS sugars (56). When using BHI or LB medium or using the defined 
minimal medium with PTS sugar supplemented to grow the L. monocytogenes, low PrfA 
activity was observed (50, 51). Alternatively, PrfA activity is much higher with non-PTS 
carbon substrate supplements (52-54). Glucose and cellobiose repressed virulence genes in L. 
monocytogenes, while Glucose-1-phosphate (G-1-P) utilization by L. monocytogenes is under 
the positive control of global regulation by PrfA (55). The strains we included were 10403S, 
∆flaA, (which are the positive and negative control), ∆prfA, (which is the non-virulent strain), 
NF-L924 and NF-L943 (which are the PrfA hyper activation strains due to the single amino 
acid change at different positions in PrfA protein). NF-L924 and NF-L943 mutants have the 
E77K and G155S mutations within PrfA which were isolated by Freitag et al. through chemical 
mutation (30). G155S mutant has significantly higher ActA (required for cell to cell spread) 
expression level than E77K. It is also less sensitive to glucose repression and more virulent in 
the mouse model (30). The G155S mutation is located near the DNA-binding helix-turn-helix 
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motif within PrfA while E77K is located near the PrfA dimer interface at opposite of the 
DNA-binding region (82). 
II. Results 
Biofilm formations of L. monocytogenes strains 10403S, ∆flaA, ∆prfA, NF-L924, 
NF-L943 were tested using HTM media at 37°C. Compared to the positive control 10403S and 
the negative control ∆flaA, ∆prfA, NF-L924 and NF-L943 strains showed no difference when 
forming biofilms.  
We also tested how different concentrations of glucose affect the biofilm formation of L. 
monocytogenes. We used 1% glucose (55mM) and 3% glucose (165mM) HTM to test biofilm 
formations in 10403S, ∆flaA, ∆prfA, NF-L924 and NF-L943. Our results show that there was 
no significant difference between these two concentrations on each stain that was tested.  
In order to reveal if the PrfA is activated during our conditions to grow biofilm, western 
blot was also carried out to test the PrfA activation by testing the PrfA regulated ActA level. 
When using the same condition as our biofilm assay (HTM 1% glucose condition), both strains 
NF-L924 and NF-L943 were showing the 97kDa form ActA while 10403S and ∆prfA did not 
show any signals. It showed the same result when using the BHI 0.1% activated charcoal to 
grow these strains, which is a condition that already known to activate the PrfA activation.  
The GUS assay was carried to test the PrfA activation by testing the protein ActA level 
which is produced by its downstream gene actA. L. monocytogenes 10403S, ∆prfA, NF-L924 
and NF-L943 were involved in this assay. ∆prfA, NF-L924 and NF-L943 have the actA-gus 
fusion, and they produce β-glucuronidase in activate stage which can turn X-gluc blue. In 
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Figure 5-4, both NF-L924 and NF-L943 turn X-gluc blue which gave us direct evidence that 
PrfA is activated in NF-L924 and NF-L943 strains when the cells are grown in HTM 1% 
glucose at 37°C.  
 
Figure 5.1  Biofilm formation of different L. monocytogenes 10403S, ∆flaA and prfA 
strains (∆prfA, NF-L924, NF-L943) using HTM as the medium. The results are based on 
the averages from three individual biofilm assays. 
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Figure 5.2  Biofilm formations of L. monocytogenes 10403S, ∆flaA and ∆prfA strains 
using HTM medium 1% or 3% glucose. The results are based on the averages from three 
individual biofilm assays. 
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 Figure 5.3  Western Blot of ActA in 
NF-L943. From left to right, Strains were growing in HTM medium 24 hour and 
BHI+0.1% AC overnight at 37°C.
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Figure 5.4  GUS assay in L. monocytogenes 10403S, ∆prfA, NF-L924 (actA-gus fusion) 
and NF-L943 (actA-gus fusion) strains (from left to right). Strains were growing in HTM 
medium 24 hour at 37°C. 
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III. Discussion  
We did not observe any significant difference in biofilm formation between 10403S and 
∆prfA strains. This is different from the results published by Zhou et al. and Lemon et al (29, 
30). Our results also show that the PrfA* mutants, NF-L924 and NF-L943, formed the same 
level of biofilm compared to wild type 10403S. Furthermore, we also tried growing biofilm 
using the same conditions and media as Lemon’s et al. by increasing glucose concentration 
from 1% to 3% in HTM (30). However, we did not observe any biofilm formation change 
compared to 1% or 3% glucose HTM. ∆prfA did not show any decreased biofilm formation 
also. We further provided evidence that the PrfA in NF-L924 and NF-L943 was activated in the 
biofilm assay using HTM 1%glucose by Western blot and GUS assay. Although the PrfA was 
activated, the biofilm formation was not changed. The non-specific bands that showed in the 
western blot were probably due to the degradation of ActA proteins.  
  
  
42 
 
CHAPER SIX 
6Future Directions 
In this L. monocytogenes biofilm formation project, we have gained some idea about how 
different environmental conditions such as temperatures and pH affect different L. 
monocytogenes strains’ biofilm formation. Some genes are shown to influence the formation of 
L. monocytogenes biofilm formation, such as flaA.  
For the PrfA and its relation to biofilm formation, this project will also involve testing if 
some medium components that have been known to affect virulence also affect biofilm 
formation, such as glucose and G-1-P. We will further define PrfA’s role in biofilm formation 
by carrying out the following assays: I. Use BHI and LB media supplemented with 1% glucose 
to see if glucose can affect the biofilm formation in minimal media. II. Use HTM medium 
supplemented with either 1% glucose or 1% G-1-P to see how differently biofilm will be 
formed. III. In case bacteria do not grow well, use BHI and LB media supplemented with 1% 
glucose to see how differently biofilm will be formed.  
The biofilm formation of ScottA is special compared to wild-type 10403S and other 
strains. First, ScottA formed better biofilms than other strains at 25°C and 30°C as compared to 
37°C, but other strains showed better biofilm at 37°C. Second, in LB medium, ScottA develops 
the same level of biofilm or even a 2-fold increase in biofilm as compared to HTM minimal 
media to form high quality biofilm at 25°C and 30°C. Third, ScottA, which is serotype 4b 
strain, showed significantly more biofilm formation as compared to another serotype 4b strain, 
ATCC 19115. Future work can be carried to understand the mechanisms why ScottA formed 
better biofilm under low temperatures, why ScottA formed better biofilm in rich media LB 
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instead of HTM and why ScottA is a strong biofilm former, while ATCC19115is a weak 
biofilm former. 
 
 
 
 
 
 
  
  
44 
 
7REFERENCES 
 
(1) Hamon M, Bierne H, Cossart P. Listeria monocytogenes: a multifaceted model. Nat Rev 
Microbiol. 2006 Jun;4(6):423-34. 
 
(2) Vázquez-Boland JA, Kuhn M, Berche P, Chakraborty T, Domínguez-Bernal G, Goebel W, 
González-Zorn B, Wehland J, Kreft J Listeria pathogenesis and molecular virulence 
determinants. Clin Microbiol Rev. 2001 Jul;14(3):584-640. 
 
(3) Smoot LM, Pierson MD. Influence of environmental stress on the kinetics and strength of 
attachment of Listeria monocytogenes Scott A to Buna-N rubber and stainless steel. J Food Prot. 
1998 Oct; 61(10):1286-92. 
 
(4) Murray E.G.D., Webb R.A., Swann M.B.R., A disease of rabbits characterized by a large 
mononuclear leucocytosis, caused by a hitherto undescribed bacillus: Bacterium 
monocytogenes (n.sp.), J. Pathol. Bacteriol, 1926:407-439. 
 
(5) Pirie J.H.H., A new disease in veld rodents, ‘‘Tiger River disease’’, Publ.S. Afr. Inst. Med. 
Res. 3 (1927) 163-186. 
 
(6) Lecuit M. Human listeriosis and animal models. Microbes Infect. 2007 Aug;9(10):1216-25. 
 
(7) Boerlin P, Piffaretti JC. Typing of human, animal, food, and environmental isolates of 
Listeria monocytogenes by multilocus enzyme electrophoresis. Appl Environ Microbiol. 1991 
Jun; 57(6):1624-9. 
 
(8) Rocourt, J. Listeria monocytogenes: the state of the art. Dairy Food Environ. Sanitation 
1994 (14):70-82. 
 
(9) Schönberg A, Teufel P, Weise E. Serovars of Listeria monocytogenes and Listeria innocua 
from food. Acta Microbiol Hung. 1989; 36(2-3):249-53. 
 
(10) Nadon CA, Woodward DL, Young C, Rodgers FG, Wiedmann M. Correlations between 
molecular subtyping and serotyping of Listeria monocytogenes. J Clin Microbiol. 2001 Jul; 
39(7):2704-7. 
 
(11) Rocourt, J., and R. Brosch. 1992. Human listeriosis 1990. Document 
WHO/HPP/FOS/92.4. World Health Organization, Geneva, Switzerland. 
 
(12) Schuchat A, Swaminathan B, Broome CV. Epidemiology of human listeriosis. Clin 
Microbiol Rev. 1991 Apr;4(2):169-83. 
 
 
  
45 
 
(13) Rocourt, J., Cossart, P., Listeria monocytogenes. In: Doyle, M.P., Buechat, L.R., Montville, 
T.J. (Eds.), Food Microbiology — Fundamentals and Frontiers. American Society for 
Microbiology (ASM) press, Washington DC, 1997pp. 337–352. 
 
(14) Gandhi M, Chikindas ML. Listeria: A foodborne pathogen that knows how to survive. Int 
J Food Microbiol. 2007 Jan 1; 113(1):1-15.  
 
(15) O'Driscoll, B., Gahan, C.G., Hill, C., Adaptive acid tolerance response in Listeria 
monocytogenes: isolation of an acid-tolerant mutant which demonstrates increased virulence. 
Appl. Environ. Microbiol. 1996.62 (5), 1693–1698. 
 
(16) Wiedmann, M., Arvik, T.J., Hurley, R.J., Boor, K.J., 1998. General stress transcription 
factor sigmaB and its role in acid tolerance and virulence of Listeria monocytogenes. J. 
Bacteriol. 180 (14), 3650–3656. 
 
(17) Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as complex differentiated 
communities. Annu Rev Microbiol. 2002; 56:187-209.  
 
(18) Costerton JW, Stewart PS. 2001. Battling biofilms. Sci. Am. 285:75–81 
 
(19) Riedel CU, Monk IR, Casey PG, Waidmann MS, Gahan CG, Hill C. AgrD-dependent 
quorum sensing affects biofilm formation, invasion, virulence and global gene expression 
profiles in Listeria monocytogenes. Mol Microbiol. 2009 Mar; 71(5):1177-89.  
 
(20) Olier M, Pierre F, Lemaître JP, Divies C, Rousset A, Guzzo J. Assessment of the 
pathogenic potential of two Listeria monocytogenes human faecal carriage isolates. 
Microbiology. 2002 Jun; 148(Pt 6):1855-62. 
 
(21) Cole, M., M. Jones, and C. Holyoak.. The effect of pH, salt concentration and temperature 
on the survival and growth of Listeria monocytogenes. J. Appl. Microbiol. 1990 (69):63–72. 
 
(22) Jonquières R, Bierne H, Mengaud J, Cossart P. The inlA gene of Listeria monocytogenes 
LO28 harbors a nonsense mutation resulting in release of internalin. Infect Immun. 1998 Jul; 
66(7):3420-2. 
 
(23) Riedel CU, Monk IR, Casey PG, Waidmann MS, Gahan CG, Hill C. AgrD-dependent 
quorum sensing affects biofilm formation, invasion, virulence and global gene expression 
profiles in Listeria monocytogenes. Mol Microbiol. 2009 Mar; 71(5):1177-89.  
 
(24) Mattila M, Lindström M, Somervuo P, Markkula A, Korkeala H. Role of flhA and motA in 
growth of Listeria monocytogenes at low temperatures. Int J Food Microbiol. 2011 Jun 2.  
 
 
  
46 
 
(25) Pan Y, Breidt F Jr, Gorski L. Synergistic effects of sodium chloride, glucose, and 
temperature on biofilm formation by Listeria monocytogenes serotype 1/2a and 4b strains. 
Appl Environ Microbiol. 2010 Mar; 76(5):1433-41.  
 
(26) Gorski L, Duhé JM, Flaherty D. The use of flagella and motility for plant colonization and 
fitness by different strains of the foodborne pathogen Listeria monocytogenes. PLoS One. 2009; 
4(4):e5142.  
 
(27) Todhanakasem T, Young GM. Loss of flagellum-based motility by Listeria 
monocytogenes results in formation of hyperbiofilms. J Bacteriol. 2008 Sep; 190(17):6030-4.  
 
(28) Lemon KP, Higgins DE, Kolter R. Flagellar motility is critical for Listeria monocytogenes 
biofilm formation. J Bacteriol. 2007 Jun; 189(12):4418-24.  
 
(29) Zhou Q, Feng F, Wang L, Feng X, Yin X, Luo Q. Virulence Regulator PrfA is Essential for 
Biofilm Formation in Listeria monocytogenes but not in Listeria innocua. Curr Microbiol. 
2011 Jun 9.  
 
(30) Lemon KP, Freitag NE, Kolter R. The virulence regulator PrfA promotes biofilm 
formation by Listeria monocytogenes. J Bacteriol. 2010 Aug; 192(15):3969-76.  
 
(31) Van Schaik W, Abee T. The role of sigmaB in the stress response of Gram-positive bacteria 
- targets for food preservation and safety. Curr Opin Biotechnol. 2005 Apr; 16(2):218-24. 
 
(32) Schwab U, Hu Y, Wiedmann M, Boor KJ. Alternative sigma factor sigmaB is not essential 
for Listeria monocytogenes surface attachment. J Food Prot. 2005 Feb; 68(2):311-7. 
 
(33) van der Veen S, Abee T. Importance of SigB for Listeria monocytogenes static and 
continuous-flow biofilm formation and disinfectant resistance. Appl Environ Microbiol. 2010 
Dec; 76(23):7854-60.  
 
(34) Bennett HJ, Pearce DM, Glenn S, Taylor CM, Kuhn M, Sonenshein AL, Andrew PW, 
Roberts IS. Characterization of relA and codY mutants of Listeria monocytogenes: 
identification of the CodY regulon and its role in virulence. Mol Microbiol. 2007 Mar; 
63(5):1453-67. 
 
(35) Majerczyk CD, Sadykov MR, Luong TT, Lee C, Somerville GA, Sonenshein AL. 
Staphylococcus aureus CodY negatively regulates virulence gene expression. J Bacteriol. 2008 
Apr; 190(7):2257-65.  
 
(36) Bowman JP, Bittencourt CR, Ross T. Differential gene expression of Listeria 
monocytogenes during high hydrostatic pressure processing. Microbiology. 2008 Feb; 154(Pt 
2):462-75. 
  
47 
 
(37) Wonderling, L. D., B. J. Wilkinson, and D. O. Bayles. 2004. The htrA (degP) gene of 
Listeria monocytogenes 10403S is essential for optimal growth under stress conditions. Appl. 
Environ. Microbiol. 70:1935–1943. 
 
(38) Wilson RL, Brown LL, Kirkwood-Watts D, Warren TK, Lund SA, King DS, Jones KF, 
Hruby DE. Listeria monocytogenes 10403S HtrA is necessary for resistance to cellular stress 
and virulence. Infect Immun. 2006 Jan; 74(1):765-8. 
 
(39) Lipinska, B., O. Fayet, L. Baird, and C. Georgopoulos. 1989. Identification, 
characterization, and mapping of the Escherichia coli htrA gene, whose geneproduct is 
essential for bacterial growth only at elevated temperatures. J.Bacteriol. 171:1574–1584. 
 
(40) Johnson, K., L. Charles, G. Dougan, D. Pickard, P. O’Gaora, G. Costa, T.Ali, I. Miller, and 
C. Hormaeche. 1991. The role of a stress-response proteinin Salmonella typhimurium 
virulence. J. Mol. Microbiol. 5:401–407. 
 
(41) Jones, C. H., T. C. Bolken, K. F. Jones, G. O. Zeller, and D. E. Hruby. 2001. Conserved 
DegP protease in gram-positive bacteria is essential for thermaland oxidative tolerance and full 
virulence in streptococcus pyogenes. Infect. Immun. 69:5538–5545. 
 
(42) Ibrahim, Y. M., A. R. McCluskey, and T. J. Mitchell. 2004. Role of HtrA inthe virulence 
and competence of Streptococcus pneumoniae. Infect. Immun.72:3584–3591. 
 
(43) Stack HM, Sleator RD, Bowers M, Hill C, Gahan CG. Role for HtrA in stress induction 
and virulence potential in Listeria monocytogenes. Appl Environ Microbiol. 2005 Aug; 
71(8):4241-7. 
 
(44) Wonderling LD, Wilkinson BJ, Bayles DO. The htrA (degP) gene of Listeria 
monocytogenes 10403S is essential for optimal growth under stress conditions. Appl Environ 
Microbiol. 2004 Apr; 70(4):1935-43. 
 
(45) Helmann, J. D. 2002. The extracytoplasmic function (ECF) sigma factors. Adv. Microb. 
Physiol. 46:47–110. 
 
(46) Luo Y, Asai K, Sadaie Y, Helmann JD. Transcriptomic and phenotypic characterization of 
a Bacillus subtilis strain without extracytoplasmic function σ factors. J Bacteriol. 2010 Nov; 
192(21):5736-45.  
 
(47) Zhang, C., M. Zhang, J. Ju, J. Nietfeldt, J. Wise, P. M. Terry, M. Olson, S. D.Kachman, M. 
Wiedmann, M. Samadpour, and A. K. Benson. 2003. Genomediversification in phylogenetic 
lineages I and II of Listeria monocytogenes: identification of segments unique to lineage II 
populations. J. Bacteriol.185:5573–5584. 
 
  
48 
 
(48) Scortti M, Monzó HJ, Lacharme-Lora L, Lewis DA, Vázquez-Boland JA. The PrfA 
virulence regulon. Microbes Infect. 2007 Aug; 9(10):1196-207.  
 
(49) Hamon, M., Bierne, H. & Cossart, P. (2006). Listeria monocytogenes: a multifaceted 
model. Nat Rev Microbiol 4, 423–434. 
 
(50) Gilbreth, S. E., Benson, A. K. & Hutkins, R. W. (2004). Catabolite repression and 
virulence gene expression in Listeria monocytogenes. Curr Microbiol 49, 95–98. 
 
(51) Milenbachs, A. A., Brown, D. P., Moors, M. & Youngman, P. (1997). Carbon-source 
regulation of virulence gene expression in Listeria monocytogenes. Mol Microbiol 23, 
1075–1085. 
 
(52) Joseph, B., Mertins, S., Stoll, R., Schar, J., Umesha, K. R., Luo, Q.,Mu¨ ller-Altrock, S. & 
Goebel, W. Glycerol-metabolism and PrfA activity in Listeria monocytogenes. J Bacteriol 
(2008)190, 5412–5430. 
 
(53) Mertins, S., Joseph, B., Goetz, M., Ecke, R., Seidel, G., Sprehe, M.,Hillen, W., Goebel, W. 
& Mu¨ ller-Altrock, S. Interference of components of the phosphoenolpyruvate 
phosphotransferase system with the central virulence gene regulator PrfA of Listeria 
monocytogenes. J Bacteriol (2007)189, 473–490. 
 
(54) Stoll R, Mertins S, Joseph B, Müller-Altrock S, Goebel W. Modulation of PrfA activity in 
Listeria monocytogenes upon growth in different culture media. Microbiology. 2008 Dec; 
154(Pt 12):3856-76. 
 
(55) Ripio MT, Brehm K, Lara M, Suárez M, Vázquez-Boland JA. Glucose-1-phosphate 
utilization by Listeria monocytogenes is PrfA dependent and coordinately expressed with 
virulence factors. J Bacteriol. 1997 Nov; 179(22):7174-80. 
 
(56) Joseph B, Goebel W. Life of Listeria monocytogenes in the host cells' cytosol. Microbes 
Infect. 2007 Aug; 9(10):1188-95.  
 
(57) Marr AK, Joseph B, Mertins S, Ecke R, Müller-Altrock S, Goebel W. Overexpression of 
PrfA leads to growth inhibition of Listeria monocytogenes in glucose-containing culture media 
by interfering with glucose uptake. J Bacteriol. 2006 Jun; 188(11):3887-901. 
 
(58) Myers ER, Dallmier AW, Martin SE. Sodium chloride, potassium chloride, and virulence 
in Listeria monocytogenes. Appl Environ Microbiol. 1993 Jul; 59(7):2082-6. 
 
(59) Shetron-Rama LM, Mueller K, Bravo JM, Bouwer HG, Way SS, Freitag NE. Isolation of 
Listeria monocytogenes mutants with high-level in vitro expression of host cytosol-induced 
gene products. Mol Microbiol. 2003 Jun; 48(6):1537-51. 
  
49 
 
 (60) Michel E, Mengaud J, Galsworthy S, Cossart P. Characterization of a large motility gene 
cluster containing the cheR, motAB genes of Listeria monocytogenes and evidence that PrfA 
downregulates motility genes. FEMS Microbiol Lett. 1998 Dec 15; 169(2):341-7. 
 
(61) Way SS, Thompson LJ, Lopes JE, Hajjar AM, Kollmann TR, Freitag NE, Wilson CB. 
Characterization of flagellin expression and its role in Listeria monocytogenes infection and 
immunity. Cell Microbiol. 2004 Mar; 6(3):235-42. 
 
(62) Ferreira A, O'Byrne CP, Boor KJ. Role of sigma(B) in heat, ethanol, acid, and oxidative 
stress resistance and during carbon starvation in Listeria monocytogenes. Appl Environ 
Microbiol. 2001 Oct; 67(10):4454-7. 
 
(63) Jacquet C, Gouin E, Jeannel D, Cossart P, Rocourt J. Expression of ActA, Ami, InlB, and 
listeriolysin O in Listeria monocytogenes of human and food origin. Appl Environ Microbiol. 
2002 Feb; 68(2):616-22. 
 
(64) Wiedmann M, Bruce JL, Keating C, Johnson AE, McDonough PL, Batt CA. Ribotypes 
and virulence gene polymorphisms suggest three distinct Listeria monocytogenes lineages with 
differences in pathogenic potential. Infect Immun. 1997 Jul; 65(7):2707-16. 
 
(65) Djordjevic D, Wiedmann M, McLandsborough LA. Microtiter plate assay for assessment 
of Listeria monocytogenes biofilm formation. Appl Environ Microbiol. 2002 Jun; 
68(6):2950-8. 
 
(66) Borucki MK, Peppin JD, White D, Loge F, Call DR. Variation in biofilm formation among 
strains of Listeria monocytogenes. Appl Environ Microbiol. 2003 Dec; 69(12):7336-42. 
 
(67) Chavant P, Martinie B, Meylheuc T, Bellon-Fontaine MN, Hebraud M. Listeria 
monocytogenes LO28: surface physicochemical properties and ability to form biofilms at 
different temperatures and growth phases. Appl Environ Microbiol. 2002 Feb; 68(2):728-37. 
 
(68) Skyberg JA, Siek KE, Doetkott C, Nolan LK. Biofilm formation by avian Escherichia coli 
in relation to media, source and phylogeny. J Appl Microbiol. 2007 Feb; 102(2):548-54. 
 
(69) Stepanović S, Cirković I, Ranin L, Svabić-Vlahović M. Biofilm formation by Salmonella 
spp. and Listeria monocytogenes on plastic surface. Lett Appl Microbiol. 2004; 38(5):428-32. 
 
(70) Borges SF, Silva JG, Teixeira PC. Survival and biofilm formation of Listeria 
monocytogenes in simulated vaginal fluid: influence of pH and strain origin. FEMS Immunol 
Med Microbiol. 2011 May 13. doi: 10.1111/j.1574-695X.2011.00815.x. 
 
 
 
  
50 
 
(71) Jensen, V.B. et al. (1998)  Interactions of the invasive pathogens Salmonella   
Typhimurium,   Listeria   monocytogenes,   and   Shigella flexneri with M cells and murine 
Peyer’s patches. Infect. Immun. 66, 3758–3766 
 
(72) Gombas, D.E. et al. (2003) Survey of Listeria monocytogenes in ready-to-eat foods. J. 
Food Prot. 66, 559–569  
 
(73) Ahn SJ, Lemos JA, Burne RA. Role of HtrA in growth and competence of Streptococcus 
mutans UA159. J Bacteriol. 2005 May; 187(9):3028-38. 
 
(74). Diaz-Torres ML, Russell RR. HtrA protease and processing of extracellular proteins of 
Streptococcus mutans. FEMS Microbiol Lett. 2001 Oct 16; 204(1):23-8. 
 
(75) Foucaud-Scheunemann C, Poquet I. HtrA is a key factor in the response to specific stress 
conditions in Lactococcus lactis. FEMS Microbiol Lett. 2003 Jul 15; 224(1):53-9. 
 
(76) Rigoulay, C., J. M. Entenza, D. Halpern, E. Widmer, P. Moreillon, I. Poquet, and A. Gruss. 
2005. Comparative analysis of the roles of HtrA-like surface proteases in two virulent 
Staphylococcus aureus strains. Infect. Immun. 73:563–572 
 
(77) Biswas S, Biswas I. Role of HtrA in surface protein expression and biofilm formation by 
Streptococcus mutans. Infect Immun. 2005 Oct; 73(10):6923-34. 
 
(78) de las Heras A, Cain RJ, Bielecka MK, Vázquez-Boland JA. Regulation of Listeria 
virulence: PrfA master and commander. Curr Opin Microbiol. 2011 Apr;14(2):118-27.  
 
(79) Vega Y, Dickneite C, Ripio MT, Böckmann R, González-Zorn B, Novella S, 
Domínguez-Bernal G, Goebel W, Vázquez-Boland JA. Functional similarities between the 
Listeria monocytogenes virulence regulator PrfA and cyclic AMP receptor protein: the PrfA* 
(Gly145Ser) mutation increases binding affinity for target DNA. J Bacteriol. 1998 Dec; 
180(24):6655-60. 
 
(80) Arnaud M, Chastanet A, Débarbouillé M. New vector for efficient allelic replacement in 
naturally nontransformable, low-GC-content, gram-positive bacteria. Appl Environ Microbiol. 
2004 Nov; 70(11):6887-91. 
 
(81) Davis MJ, Coote PJ, O'Byrne CP. Acid tolerance in Listeria monocytogenes: the adaptive 
acid tolerance response (ATR) and growth-phase-dependent acid resistance. Microbiology. 
1996 Oct;142 ( Pt 10):2975-82. 
 
(82) Vega Y, Rauch M, Banfield MJ, Ermolaeva S, Scortti M, Goebel W, Vázquez-Boland JA. 
New Listeria monocytogenes prfA* mutants, transcriptional properties of PrfA* proteins and 
structure-function of the virulence regulator PrfA. Mol Microbiol. 2004 Jun; 52(6):1553-65. 
  
51 
 
(83) Jersek, B., P. Gilot, M. Gubina, N. Klun, J. Mehle, E. Tcherneva, N. Rijpens, and L. 
Herman. 1999. Typing of Listeria monocytogenes strains by repetitive element sequence-based 
PCR. J. Clin. Microbiol. 37:103–109. 
 
(84) Louie, M., P. Jayaratne, I. Luchsinger, J. Devenish, J. Yao, W. Schlech, and A. Simor. 1996. 
Comparison of ribotyping, arbitrarily primed PCR, and pulsed-field gel electrophoresis for 
molecular typing of Listeria monocytogenes. J. Clin. Microbiol. 34:15–19 
 
(85) Brosch, R., M. Brett, B. Catimel, J. B. Luchansky, B. Ojeniyi, and J. Rocourt. 1996. 
Genomic fingerprinting of 80 strains from the W. H. O. multicenter international typing study 
of Listeria monocytogenes via pulsed-field gel electrophoresis (PFGE). Int. J. Food Microbiol. 
32:343–355. 
 
(86) Seeliger, H. P. R., and K. Ho¨hne. 1979. Serotyping of Listeria monocytogenes and related 
species. Methods Microbiol. 13:31–49 
 
(87) Ayaz ND, Erol I. Relation between serotype distribution and antibiotic resistance profiles 
of Listeria monocytogenes isolated from ground turkey. J Food Prot. 2010 May;73(5):967-72. 
 
(88) Lyytikäinen O, Autio T, Maijala R, Ruutu P, Honkanen-Buzalski T, Miettinen M, Hatakka 
M, Mikkola J, Anttila VJ, Johansson T, Rantala L, Aalto T, Korkeala H, Siitonen A. An 
outbreak of Listeria monocytogenes serotype 3a infections from butter in Finland. J Infect Dis. 
2000 May;181(5):1838-41.  
 
(89) Elliot T. Ryser, Elmer H. Marth. Book Listeria, listeriosis, and food safety. P163 
 
(90) Abram F, Starr E, Karatzas KA, Matlawska-Wasowska K, Boyd A, Wiedmann M, Boor 
KJ, Connally D, O'Byrne CP. Identification of components of the sigma B regulon in Listeria 
monocytogenes that contribute to acid and salt tolerance. Appl Environ Microbiol. 2008 
Nov;74(22):6848-58.  
 
(91) Wonderling LD, Wilkinson BJ, Bayles DO. The htrA (degP) gene of Listeria 
monocytogenes 10403S is essential for optimal growth under stress conditions. Appl Environ 
Microbiol. 2004 Apr; 70(4):1935-43. 
 
(92) Zemser RB, Martin SE. Heat stability of virulence-associated enzymes from Listeria 
monocytogenes SLCC 5764. J Food Prot. 1998 Jul; 61(7):899-902. 
 
(93) Horton RM, Cai ZL, Ho SN, Pease LR. Gene splicing by overlap extension: tailor-made 
genes using the polymerase chain reaction. Biotechniques. 1990 May; 8(5):528-35. 
